. GATA-3 is highly expressed in embryonic brain cells and T lymphoid cells The GATA family of vertebrate DNA binding regubut is also found in other tissues (Yamamoto et al., 1990 ; latory proteins are expressed in diverse tissues and at Oosterwegel et al., 1992; George et al., 1994) . The GATAdifferent times of development. However, the DNA 4, GATA-5 and GATA-6 genes are expressed in several binding regions of these proteins possess considerable non-hematopoietic cell types and they may be involved homology and recognize a rather similar range of DNA in regulating cardiogenesis and differentiation of gut sequence motifs. DNA binding is mediated through epithelium (Arceci et al., 1993; Kelley, 1993 ; Laverriere two domains, each containing a zinc finger. Previous et al., 1994) . results have led to the conclusion that although in some All of the GATA proteins interact with their consensus cases the N-terminal finger can contribute to specificity target sequence via zinc fingers of the form Cys-X 2 -Cysand strength of binding, it does not bind independently, X 17 -Cys-X 2 -Cys. The vertebrate GATA factors contain whereas the C-terminal finger is both necessary and two adjacent zinc finger domains of this type, while fungal sufficient for binding. Here we show that although this proteins have a single finger (Fu and Marzluf, 1990 ; Kudla is true for the N-terminal finger of GATA-1, those of et al., 1990) , more similar to the C-terminal vertebrate GATA-2 and GATA-3 are capable of strong independfinger. The C-and N-terminal fingers (Cf and Nf) of the ent binding with a preference for the motif GATC.
vertebrate proteins are clearly related and they are both Binding requires the presence of two basic regions well conserved among all the known homologs. located on either side of the N-terminal finger. The
In several studies, primarily with the GATA-1 protein absence of one of these near the GATA-1 N-terminal Yang and Evans, 1992 ; finger probably accounts for its inability to bind. The Omichinski et al., 1993b) , it has been shown that the combination of a single finger and two basic regions is principal determinant for DNA binding is the C-terminal a new variant of a motif that has been previously finger. This finger, along with a basic C-terminal tail, has found in the binding domains of other finger proteins.
been shown to be necessary and sufficient for specific Our results suggest that the DNA binding properties binding to the consensus GATA recognition sequence of the N-terminal finger may help distinguish GATA-2 (Omichinski et al., 1993a,b) . A mutant protein containing and GATA-3 from GATA-1 and the other GATA familyIntroduction DNA Yang and Evans, 1992) . High affinity binding to several double GATA sites, GATA proteins are members of a zinc finger subfamily important for full activity of the promoters in which they of DNA binding proteins that recognize the consensus occur, requires both the N-and C-terminal fingers of the motif (T/A)GATA(A/G) (Orkin, 1992) . Six GATA family GATA-1 protein (Trainor et al., 1996) . members have been identified in vertebrates (Evans and In this report, we demonstrate that the isolated NFelsenfeld, 1989; Tsai,S.F. et al., 1989; Yamamoto et al., terminal fingers of the chicken GATA-2 and GATA-3 1990; Arceci et al., 1993 , Kelley et al., 1993 Laverriere proteins (cGATA-2 and cGATA-3) are capable of specific et al., 1994) . The proteins GATA-1, GATA-2 and GATA-3 high affinity binding to DNA. This binding is independent are required for normal hematopoietic development in the of the C-terminal finger and requires two basic arms that mouse (Pevny et al., 1991; Tsai,F.Y. et al., 1994; Pandolfi et al., 1995) . GATA-1 expression is primarily restricted flank the zinc finger motif. The N-terminal finger binds Closed circles indicate the residues of the cGATA-1 C-terminal finger which make base-specific contacts in the major groove with the sequence AGATAA.
weakly to the classical AGATAA consensus sequence,
Results
while it is able to bind with high affinity to an AGATCT It has been shown recently that a stretch of basic amino motif. In contrast, the N-terminal finger of the chicken acids located on either the N-terminal or C-terminal side GATA-1 protein (cGATA-1), which lacks an adjacent Nof a zinc finger motif is necessary to stabilize binding of terminal basic region, failed to display DNA binding to a single finger unit to the DNA (Omichinski et al., 1993b; these sites. Pedone et al., 1996) . Because the N-terminal zinc finger Although some differences in binding specificity have (Nf) motif of the GATA-2 protein is flanked on both sides been noted between the GATA family members, there are by stretches of basic amino acids (BR1 and BR2, Figure  as yet no definitive explanations of how the different 1A), we wished to determine whether this zinc finger members discriminate among different sites. This issue region is able to bind independently to DNA. is particularly relevant considering that different GATA
The sequence corresponding to residues 254-327 of the factors display partially overlapping expression patterns GATA-2 protein (Yamamoto et al., 1990) , which includes and thus more than one GATA factor can be present in the zinc finger domain and the two flanking basic regions the same cell. Our finding that the N-terminal fingers of ( Figure 1A ), was subcloned and expressed in Escherichia cGATA-2 and cGATA-3, but not that of cGATA-1, are coli. The recombinant protein (Nf-1) was purified and able to bind independently to DNA represents a significant its identity confirmed by electrospray ionization mass difference in the DNA binding domains of these proteins.
spectrometry. (Note that in Nf-1, Cys275 was substituted This result suggests possible mechanisms by which by a serine in order to increase the stability and ease of these factors could distinguish among different DNA sequences.
handling of the protein.
Control experiments, comparing were tested. Oligo B contains the sequence AGATCTTA. This is a previously proposed consensus derived from sequences identified in binding experiments as having high affinity for GATA-2 and GATA-3, but lower affinity for GATA-1 (Ko and Engel, 1993) . Oligo C contains only the AGATCT core present in oligo B and is otherwise identical to oligo A (see Figure 2A ). Nf-1 binds tightly to both oligos B and C, as is clearly demonstrated by the gel shift analysis shown in Figure 2B (lanes 2 and 3).
Binding to oligo C is completely competed for by a 100-fold molar excess of unlabeled oligo B or C ( Figure 2B , lanes 4 and 5), but not by the same molar excess of an oligonucleotide mutated in the GAT central motif (mut. A, Figure 2B , lane 6). The same molar excess of oligo A competes only weakly for binding ( Figure 2B , lane 7). These results indicate that the N-terminal finger of the GATA-2 protein is capable of specific, high affinity binding to a DNA sequence containing the motif AGATCT.
The affinity of the GATA-2 N-terminal finger for oligos A, B and C was measured using a gel mobility shift assay. Titration of the peptide with the different oligonucleotides is shown in Figure 3 . Scatchard analysis of these data leads to an apparent dissociation constant of 2.8ϫ10 -8 M for oligo A, which contains the AGATAA motif, and 5.2ϫ10 -9 M for oligo C, which contains the AGATCT motif (note that the binding reactions were carried out at 0°C; see Materials and methods). No significant difference in the affinity of the peptide for oligos B and C was detected. For comparison, the binding affinity of the Cterminal finger of the cGATA-1 protein (residues 158-223 of cGATA-1) for oligos A and C was measured under the same binding conditions. The C-terminal finger of the GATA-1 protein binds with an apparent dissociation constant of 7.8ϫ10 -10 M to oligo A and 2.1ϫ10 -9 M to oligo Table I ). in the nucleotides at positions ϩ1 and ϩ2 with respect to the GAT core sequence (see Figures 2A and 4A ). In order to test which of these bases were important for the Nf-1 with a wild-type peptide, demonstrated that this differential affinity for the peptide Nf-1, two different substitution has no effect on DNA binding; data not point mutants of oligo C (ϩ1: C→A and ϩ2: T→A, Figure shown.) 4A) were used in binding experiments. As demonstrated by The sequence similarity between the N-terminal and Cthe gel shift experiments shown in Figure 4B (lane 3), terminal fingers of the GATA proteins ( Figure 1B ) sugsubstitution of the C at position ϩ1 by an A drastically gested that the Nf might also bind to a sequence containing reduced binding to a level similar to that observed with the GATA core motif. Furthermore, the N-terminal finger oligo A. Conversely, substitution at position ϩ2 does not of GATA-1 has been shown to interact with sites containing have any effect on binding ( Figure 4B , lane 4). These the GATA consensus sequence when two sites occur in results indicate that it is the C in position ϩ1 with respect close proximity or overlap each other, although this to the core GAT that allows Nf-1 to distinguish between binding requires the C-terminal finger (Trainor et al., oligos A and C. In order to determine if any other bases 1996). For these reasons, an oligonucleotide containing could be allowed at position ϩ1, two new sequences, the AGATAA consensus (oligo A, Figure 2A ), derived oligos D and E ( Figure 4A ), were tested. These oligofrom the sequence of the chicken β-ε enhancer, was tested nucleotides have a T or a G at position ϩ1 respectively. in a gel shift experiment. As shown in Figure 2B , the N-
The results presented in Figure 4C clearly demonstrate terminal finger of GATA-2 binds to oligo A, but only that Nf-1 can recognize either the GATT or GATG motif. weakly (lane 1). This binding was demonstrated to be (Note that all of the oligonucleotides utilized as probes in specific by competition experiments (data not shown).
the gel shift experiment shown in Figure 4C differ only Because of the weakness of binding to this site, two additional oligonucleotides (oligo B and C, Figure 2A) at position ϩ1.) The binding to these sequences is stronger In lanes 1-6 each sample contained, in a volume of 20 µl, 1.7 pmol peptide and 0.5, 0.75, 1, 1.5, 2 and 2.5 pmol duplex respectively. All the reactions were performed as described in Materials and methods, but in the absence of poly(dI·dC). On the right of each gel is shown a Scatchard analysis of the binding data. The ratio of bound to free DNA is plotted versus the molar concentration of bound DNA in the reaction mixture. The value of the calculated dissociation constant is indicated. All numerical values were obtained by computer quantitation of the image using a Molecular Dynamics Phosphorimager.
than to a GATA motif, but somewhat weaker than to the acids which flank the zinc finger domain in stabilizing DNA binding of peptide Nf-1, two mutant peptides (Nf2 GATC site.
In order to test the role of the basic stretches of amino and Nf3, see Figure 1A ) were tested for binding activity. In both mutants, alanine residues were substituted for ( Figure 1A ). As shown in Figure 5 , both of the mutant peptides failed to bind to oligo C, even when they were
Oligo A Oligo C used in a molar concentration 10 times higher than that cGATA-2 N-terminal finger 2.8ϫ10 -8 5.2ϫ10 -9
used with Nf-1. No DNA binding was detected with the cGATA-1 C-terminal finger 7.8ϫ10 -10 2.1ϫ10 -9 mutant peptides even when oligo A was used as the probe (data not shown). These results indicate that both basic arms contribute to high affinity binding of the N-terminal finger of the cGATA-2 protein to the DNA. Interestingly, while the DNA binding domain, spanning cGATA-3 but not in cGATA-1 or the other family members ( Figure 6A ). For this reason, one might predict that the the two zinc finger motifs and the amino acids in between them (including BR2), is highly conserved among the N-terminal finger of cGATA-3 would bind to DNA in a manner similar to that of the cGATA-2 N-terminal finger, different GATA proteins, the basic region located upstream of the N-terminal finger (BR1) is present in cGATA-2 and while the equivalent region of the cGATA-1 protein would different GATA proteins are able to function differentially in activating individual genes. Recent results indicate that despite their simplicity and common features, the individual GATA family members have developed a range of specificities that allows them to discriminate among binding sites. Random site selection experiments have revealed a variety of other binding motifs for the GATA proteins with affinities that in some cases equal or exceed that of the canonical site. Some of the results from these experiments appear to be mutually inconsistent. For example, one study (Ko and Engel, 1993) found that GATA-2 and GATA-3 bind well to sites with a central GATC, while another (Merika and Orkin, 1993) did not show selection of this sequence. In the case of GATA-1, one study (Merika and Orkin, 1993) found that the fourth position in GATA could be replaced by T or G, while another (Whyatt et al., 1993) found T or C in the fourth position but not G. In part these differences may arise from variations in the selection and amplification procedures, but they also reflect the effect of the surrounding nucleotide sequence on binding. This has been have a high degree of homology (see Figure 1) . Evidence from preceding studies strongly supports the view that the C-terminal finger is necessary and sufficient for binding to the canonical site, but that the N-terminal finger can provide considerable additional stability for certain more not. In order to test these predictions, peptides containing the cGATA-3 and cGATA1 N-terminal fingers (residues complex 'double' sites Yang and Evans, 1992; Trainor et al., 1996) . There is further 232-310 for cGATA-3 and 78-156 for cGATA-1; Yamamoto et al., 1990; Evans and Felsenfeld, 1989) were evidence (Whyatt et al., 1993) suggesting that GATA-1 can recognize a motif quite unrelated to the canonical one prepared. These peptides comprised the zinc finger region and the conserved basic arms at the C-termini of each and that this depends on the presence of both the Nterminal and C-terminal fingers. Interpretation of all these (BR2) and both extend 32 amino acids on the N-terminal side of the finger domain. As predicted, the N-terminal results in terms of 'contributions' to binding by the individual fingers is difficult because of the possible effects finger of cGATA-3 binds with high affinity to oligo C, while the cGATA-1 N-terminal finger failed to display arising from interactions between them. For this reason, we have undertaken studies of the DNA binding ( Figure 6B ). We could not detect any DNA binding of the cGATA-1 N-terminal finger even when the binding properties of individual fingers. In this paper, we have focused on the N-terminal fingers, which were AGATAA-containing oligonucleotide (oligo A) was used as probe (data not shown). When probes differing at previously thought to be incapable of displaying independent specific binding to DNA. In these experiposition ϩ1 were used in a gel shift analysis (Figure 7) , the cGATA-3 N-terminal finger demonstrated the same ments, it has been shown that the N-terminal fingers of cGATA-2 and cGATA-3, but not cGATA-1, are capable specificity as the cGATA-2 N-terminal finger. These results indicate that the N-terminal fingers of cGATA-2 and of binding with a pattern of sequence preference that is related to but distinct from that of the C-terminal fingers. cGATA-3, but not cGATA-1, are able to act as independent DNA binding domains and are consistent with the observaTheir ability to bind is dependent upon the presence of two basic regions, one on either side of the Cys 2 -Cys 2 tion that two basic regions are necessary to stabilize binding of Nf to the DNA. This demonstrates a very clear zinc finger domain. The data strongly suggest that the GATA-1 Nf does not bind because it lacks a basic region difference in the DNA binding domains of the different GATA proteins.
on the N-terminal side of the finger. This is consistent with the observation (Figure 5 ) that mutations in the GATA-2 Nf that alter the basic amino acids of region Discussion BR1 (mutant Nf-2) or BR2 (mutant Nf-3) abolish binding. Because the cGATA-4, cGATA-5 and cGATA-6 proteins, The GATA proteins share a similar architecture which in vertebrates includes two Cys 2 -Cys 2 zinc fingers, only the like cGATA-1, lack the basic arm located N-terminal of the zinc finger domain, one would predict that the N-C-terminal of which is essential for binding to the canonical site (T/A)GATA(A/G). There is sufficient conservation terminal fingers of these proteins are incapable of independent high-affinity binding to DNA. among members of the GATA family that this central DNA recognition sequence motif is shared by all. Since
The cGATA-2 and cGATA-3 N-terminal fingers represent a novel variation on the principle governing binding there are many DNA binding sites carrying this sequence and in many cells more than one member of the GATA of single fingers to DNA: in every case observed so far, a requirement has been shown not only for an intact finger family is expressed, this raises the question of how the region but also for an adjacent domain containing clusters located at its N-terminus and the other at its C-terminus, for high affinity binding, while the C-terminal finger of basic amino acid residues. This was first demonstrated for the GATA-1 Cf, in which a C-terminal basic region utilizes only basic residues located at its C-terminus, one could predict that these two similar finger units will bind binding in the minor groove is required to stabilize the complex (Omichinski et al., 1993a) . A second example is the DNA in a slightly different way. This may partly explain why the N-terminal finger recognizes a GATC the single Cys 2 -His 2 finger of the GAGA binding protein, with two basic N-terminal regions, one binding in the motif better than a GATA motif. Our data suggest that the GATA protein DNA binding domain is a composite. In major groove and the other in the minor groove (Omichinski et al., 1997) . This independence of binding the case of the GATA-2 and GATA-3 proteins, this domain appears to be composed of at least five different elements: carries with it an altered specificity: while both the GATA-2 and GATA-3 Nf are capable of binding independently to two finger units and three basic arms. Each of these elements can interact with the DNA and likely, depending the AGATAA site, they do so with greatly reduced affinity relative to oligonucleotides containing GATC, GATG or on the DNA binding site, varying numbers of elements will be involved in recognition of the target sequence. GATT core sequences. In contrast, the GATA-1 Cf, although it also binds with high affinity to GATC (oligo This modular nature would certainly contribute to the versatility of these proteins in recognizing DNA target C), shows an even greater preference for the GATA motif (oligo A, see Table I ). It is striking that the most stringent sites. The unexpected ability of the N-terminal fingers to bind requirement for high affinity binding of the GATA-2 and GATA-3 Nf is the absence of A at the fourth position.
independently raises questions about the way in which GATA-2 and GATA-3 interact with their sites on DNA. Mutations 3Ј of this position seem to have no observable effect on binding of the GATA-2 Nf (Figure 4) .
It has been reported that Elt-1, a GATA protein from Caenorhabditis elegans, binds to a site containing a GATC It should be noted that the strong homology between the central regions of Cf and Nf includes residues that are core sequence only when both fingers are present and binds best when the site contains both GATC and GATA important for interaction of the GATA-1 Cf with the sequence AGATAA (see Figure 1B) , as determined by elements (Shim et al., 1995) . Preferential binding of GATA-2 (and GATA-3) to several sites which contain a earlier structural studies (Omichinski et al., 1993a) . Because the Nf requires two distinct basic arms, one GATC motif has also been reported (Ko and Engel, 1993) .
GATA proteins and their components may be sufficient to give rise to considerable variation both in site selectivity and potential for transcriptional activation, as required by the multiple and diverse roles of these proteins during development.
Materials and methods
Cloning and purification of the peptides DNA fragments encoding the different peptides were generated by PCR from plasmids containing the cDNA sequences of the different chicken GATA proteins. Oligonucleotides were synthesized on the basis of the published sequences (Evans and Felsenfeld, 1989; Yamamoto et al., 1990) . The following oligonucleotides were used as primers: primer 1, 5Ј-ACATGCCATGGGCAGCTTCCTGGGGGGCC-3Ј, and primer 2, 5Ј-CGGGATCCTTACGCTGACAGCCTTCGTTTGG-3Ј, for the N-terminal finger of GATA-2; primer 3, 5Ј-CGGGATCCGAGCTGCT-GCAACCCCCCC-3Ј, and primer 4, 5Ј-CGGAATTCTTACACCAGC-AGGCGCTTTTTGG-3Ј, for the N-terminal finger of GATA-1; primer Fig. 7 . Analysis of binding of the peptide encompassing the 5, 5Ј-ACATGCCATGGGACTTTTTCCCCCCAGCAG-3Ј, and primer N-terminal finger of the cGATA-3 protein (residues 232-310) to 6, 5Ј-CGGGATCCTTATGCAGACAGCCTTCTCTTGG-3Ј, for the Noligonucleotides which differ at position ϩ1 with respect to the GAT terminal finger of GATA-3. core motif.
In order to generate the peptide Nf1, we substituted Cys275 of the GATA-2 protein with a serine by PCR-mediated mutagenesis (White, 1993) . This substitution increased the stability and ease of handling of the peptide. The peptide showed the same binding properties as the wild-type and so we used it in all the experiments in this paper. The
As noted above, it must be kept in mind that two fingers AGATAA sequence (Yang et al., 1994) , although inspec- some biological functions GATA-1, GATA-3 and GATA-4
The supernatant was purified over two ion exchange columns as are interchangeable (Blobel et al., 1995) or that the previously described (Omichinski et al., 1993a,b) . All of the peptides, C-terminal finger of GATA-1 or GATA-2 alone may suffice including the cGATA-1 N-terminal finger, were then subjected to further purification on a C-4 reversed phase (Vydac) HPLC column with a 1- (Visvader et al., 1995) . This obviously does not preclude 100% acetonitrile gradient in 0.05% (v/v) aqueous trifluoroacetic acid distinct roles in other circumstances for the individual and their identity verified by electrospray ionization mass spectroscopy.
GATA family members or for their N-terminal fingers.
The lyophilized proteins were reconstituted with 1.1 equivalents of zinc
The independent binding activities of the N-and Cand the final pH slowly adjusted to 6.0 with NaOH.
terminal fingers raise the possibility that some simple sites Gel mobility shift analysis may bind GATA-2 or GATA-3 in ways in which the NUnless otherwise specified, 714 fmol of each purified peptide were terminal finger plays the major role. In the case of incubated for 10 min on ice with 0.2 pmol labeled duplex oligonucleotide 'compound' sites involving partial or complete direct or in the presence of 25 mM HEPES, pH 7.9, 50 mM KCl, 6.25 mM inverted repeats of these motifs, the interaction capabilities MgCl 2 , 0.5 mM DTT, 0.1 mM EDTA, 0.1% NP40, 5% glycerol (binding buffer) and 200 ng poly(dI·dC). After incubation, the mixture was loaded of the N-terminus must also be considered and may onto a 5% polyacrylamide gel (19:1 acrylamide/bisacrylamide) and run help distinguish the biological activities of GATA-2 and in 0.5ϫ TBE at 4°C. The sequences of the oligonucleotides used in the GATA-3 from that of GATA-1. Structural analysis of these binding studies were: oligo A, 5Ј-AGGTTGCAGATAAACATTTT-3Ј; complexes will help to resolve such issues. In any case, oligo B, 5Ј-AGGTTGCAGATCTTAATTTT-3Ј; oligo C, 5Ј-AGGTTGC-AGATCTACATTTT-3Ј; oligo mut. A, 5Ј-AGGTTGCACTGAAACATit is clear that the rather small differences among the
